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Abstract
One commonly proposed method to limit flood risk is land-use or zoning policies which
regulates construction in high-risk areas, in order to reduce economic exposure and its
vulnerability to flood events. Although such zoning regulations can be effective in limit-
ing trends in flood risk, they also have adverse impacts on society, for instance by limit-
ing local development of areas near the water. In order to judge whether proposed land-
use or zoning policies are a net benefit to society, they should be accepted or rejected
based on a societal cost–benefit analysis (CBA). However, conducting a CBA of zoning
regulation is complex and comprehensive guidelines of how to do such an analysis are
lacking. We offer guidelines for good practice. In order to assess the costs and benefits
of zoning as a climate change adaption strategy, they should be assessed at a societal
level in order to account for public good features of flood risk reduction strategies, and
because costs in one area can be benefits in another region. We propose a multistep pro-
cess: first, determine the spatial extent of the zoning policy and how interconnected the
zoned area is to other locations; second, conduct a CBA using monetary costs and bene-
fits estimated from an integrated hydro-economic model to investigate if total benefits
exceed total costs; third, conduct a sensitivity analysis regarding the main assumptions;
fourth, conduct a multicriteria analysis (MCA) of the normative outcomes of a zoning
policy. A desirable policy is preferred in both the CBA and MCA.
This article is categorized under:
Engineering Water > Planning Water
Human Water > Value of Water
Science of Water > Water Extremes
Human Water > Methods
KEYWORD S
climate change adaptation, cost–benefit analysis, flood, risk reduction, spatial planning, zoning
1 | INTRODUCTION
Floods can have large societal impacts, which are expected to grow around the world (Alfieri, Dottori, Betts, Salamon, &
Feyen, 2018; Winsemius et al., 2016). It is recognized that both climate change and socioeconomic development play a role in
increasing the impacts of flooding (IPCC, 2012, 2014). This is because climate change can increase the frequency and
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intensity of flood events, while socioeconomic development leads to growth of people and assets in flood-prone areas. There-
fore, these two drivers need to be controlled to limit negative flood impacts, and to produce more disaster resilient communi-
ties (Mysiak, Surminski, Thieken, Mechler, & Aerts, 2016).
Zoning, sometimes also called spatial or land-use planning, can be an ingredient in creating flood resilient communities.
These policies can regulate the development of flood-prone areas, introduce building codes, convert built up areas to nature, relo-
cate buildings, and raise public awareness, in order to lower flood risk (Botzen, Scussolini, et al., 2019; Burby, Deyle, God-
schalk, & Olshansky, 2001). Zoning regulations can reduce flood risk by lowering vulnerability, defined as the susceptibility of
people or assets to damage during a flood, for instance through requirements to flood-proof or elevate buildings. Moreover, zon-
ing regulations can limit the exposure, defined as the number of people or value of assets that can be affected, through restricting
development in flood-prone areas. Zoning regulations can also change the potential flood hazard, for instance by increasing space
for rivers to enhance their discharge capacity. Although limiting flood risk is the primary aim, zoning regulations can also have
other benefits, for example, by improving the local environment. Zoning polices can be applied to various scales by ranging from
comprehensive land-use planning policies in a region to focusing on building code measures in specific local areas.
There are several examples of these regulations in practice. For example, France has zoning regulations via the Catastro-
phes Naturelles (CatNat) insurance scheme, which are employed through risk prevention plans, so-called PPRs (Poussin,
Botzen, & Aerts, 2013). PPRs are led by local governments and approved by a governmental decree. A PPR is applied to a
defined area, which can be the area affected by the largest known historical flood or the 1 in 100 year flood (a flood with a 1%
annual occurrence probability). PPRs can define a set of compulsory and recommended property-level measures to lower
flood risk, and limit new development in high flood risk zones. A second example is that in the United States the Federal
Emergency Management Agency uses flood risk zoning in order to determine insurance premiums, insurance purchase
requirements, and building regulations that are part of the National Flood Insurance Program. There are three broad flood risk
zones: the Special Flood Hazard Area (SFHA) which has an annual flood occurrence probability of at least 1%; Zone B where
the probability lies between 1 and 0.2%; and areas of lower probability which are not considered at risk. SFHAs have manda-
tory flood insurance purchase requirements and enforceable floodplain management regulations. These zoning regulations
limit development in floodplains and require that newly constructed or substantially renovated homes must be elevated above
the expected 1 in 100 year flood inundation-depth (Aerts & Botzen, 2011).
Despite the potential benefits of zoning regulations, society has limited resources for flood risk management and should
make the best use of those available. Cost–benefit analysis (CBA) is the standard methodology for judging if a policy makes
best use of available resources, by systematically comparing the total range of benefits and costs accruing to the policy (HMT,
2011; Kind, Botzen, & Aerts, 2016; NZT, 2014). Even though flood zoning regulations are not exempt from this requirement,
there are few comprehensive CBA studies of zoning regulations. Conducting a CBA is important, because welfare losses can
occur when zoning policies result in suboptimal economic activities in regulated areas, for instance. However, economic eval-
uations of proposed or on-going zoning regulations are hampered by the small literature dealing directly with flood zoning
CBA. This is despite the recognition that zoning regulations requires an adapted CBA framework, because they are complex
to evaluate (Whipple, 1969). The increased difficulty arises due to the need to assess flood risk as well as a range of interre-
lated environmental and social impacts of (potential) land-use changes. Moreover, these complexities are compounded by the
need to estimate projected or counterfactual trends in impact categories with, or without, the zoning policies in place.
The main goal of this paper is to collate and synthesize the academic literature on CBA evaluation of zoning regulations.
In conducting this synthesis, we aim to generate an overarching CBA framework in order to improve CBA methods for evalu-
ating zoning policies. This is an important topic of study given the increasing threat posed by flooding across the world. This
paper identified the current literature on CBA of flood zoning regulations through a systematic literature review (Section 2) to
synthesize the employed CBA frameworks (Section 3) and to identify an agenda for future research on this topic (Section 4).
2 | LITERATURE REVIEW APPROACH
In order to synthesize the current literature on the CBA of zoning policies a systematic literature review was conducted in
order to collate the current body of knowledge and practice. This section describes the review approach and is summarized in
Figure 1.
Stage 1 consists of a literature search conducted between January 1, 2019 and January 31, 2019 using: Web of Science,
Google Scholar, and Google Search. Multiple sources were used to reduce the likelihood of a biased sample of papers (Paez,
2017). The search was not constrained by publication dates. This means that in principle all recorded papers in the database
were considered. The search terms were as follows:
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• Flood* & “Zoning” & “Cost Benefit Analysis”
• Flood* & “Zoning” & “CBA”
• Flood* & “Zoning” & “Cost Effective”
• Flood* & “spatial planning” & “Cost Benefit Analysis”
• Flood* & “spatial planning” & “CBA”
• Flood* & “spatial planning” & “Cost Effective”
• Flood* & “land-use” & “Cost Benefit Analysis”
• Flood* & “land-use” & “CBA”
• Flood* & “land-use” & “Cost Effective”
This variety of search terms represents the range of terminologies that can be used to describe zoning policies. At this stage
of the literature search the only criterion was that the document was in English.1
In Stage 2, the abstracts and titles of documents found in Stage 1 were checked against the inclusion criterion for this
stage, and, were forwarded to Stage 3 if relevant. The inclusion criterion was that the title and abstract/summary of the
document indicated an assessment of both the costs and benefits due to a flood risk management strategy that includes
FIGURE 1 Overview of the
literature review process
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zoning or spatial planning. This broad inclusion criterion was used since a zoning policy may not be explicitly framed as
such in the document.
Not all abstracts and titles were sufficiently informative to judge if the inclusion criteria are met. These cases were for-
warded to the next stage in which the document was studied in more detail. In Stage 3, the full document was read to confirm
that the document presented both the costs and benefits of a zoning policy intervention. For instance, Porse (2014) provided a
value for benefits of zoning, but not a clear value for costs, which is why it was excluded. This also applied to Poussin,
Bubeck, Aerts, and Ward (2012).
In Stage 4 the documents were checked upon their overall suitability and quality. The first consideration was if the paper
could be considered a CBA. For instance, Kousky, Olmstead, Walls, and Macauley (2013) were excluded because their com-
parison of costs and benefits is unclear, which hampers doing a CBA. The second consideration was a connection with
flooding; one case was excluded because it focused upon coastal erosion rather than flooding. Finally, the references of the
selected studies were examined, which identified two additional relevant papers.
Stage 5 compiled the final set of studies to be reviewed. A total of nine suitable documents were included: Whipple
(1969), Leblanc and Ouellette (1988), Ouellette, Leblanc, El-Jabi, and Rousselle (1988), Millerd, Dufournaud, and Schaefer
(1994), Brouwer and van Ek (2004), Rose et al. (2007), Aerts et al. (2014), de Bruin, Goosen, van Lerland, and Groeneveld
(2014), and Aubé, Hébert, Wilson, Trenholm, and Patriquin (2016).
Leblanc and Ouellette (1988), Ouellette et al. (1988), Millerd et al. (1994), and Rose et al. (2007) evaluated known zoning
programs: namely Federal Emergency Management Agency (FEMA) regulations across the United States (Rose et al., 2007),
and zoning regulations in a few small Canadian communities (the remaining three studies). Aubé et al. (2016) conducted a
CBA of a potential zoning policy against coastal flooding in a small Canadian community. Aerts et al. (2014) investigated a
range of potential zoning policies via building codes in New York City. Brouwer and van Ek (2004) and de Bruin et al.
(2014) evaluated potential changes to Dutch flood risk management strategies, including zoning regulations. In contract,
Whipple (1969) did not study an explicit policy, but was the earliest attempt we found at developing a zoning CBA
framework.
Overall, the studies adopted the CBA decision rule presented in Section 3.1 based on the variables discussed in
Section 3.2. Nevertheless, the studies differed in the extent to which they assessed costs and benefits from zoning, as discussed
in Section 3.3. Detailed study characteristics are presented in Tables 1 and 2, which are used for highlighting key features of
the studies, and for making a comparison between variables that should be included in a zoning policy CBA and those that are
actually included. The following section gives an overall synthesis of the common points of the nine identified studies, from
which guidance on how to do a CBA of zoning policies can be drawn.
3 | FLOOD RISK ZONING CBA
This section describes the common elements of the CBA frameworks in terms of their methodological approach, commonly
included benefit and cost categories, and main sources of uncertainties.
3.1 | CBA criteria
The purpose of a CBA of a zoning policy is to investigate whether the policy provides a net benefit to society (Brouwer &
van Ek, 2004; Rose et al., 2007). The approach is summarized in Equation (1), which states that a project goes ahead if its
life-time discounted benefits (B) are larger than its life discounted time costs (C). The benefit–cost ratio (BCR) may also be
required to reach a predetermined ratio (x), which could be 1 or larger. Additionally, the net present value (NPV) could also
be used as a decision rule. NPV is calculated as B − C, and as such if the NPV > 0 then the zoning project is beneficial. Most

















In Equations (2) and (3) are, respectively, the benefits [b(.)t] and costs [c(.)t] in year t of the zoning policy are the positive and
negative impacts of the zoning policy. Both are relative to a baseline (NZT, 2014). The baseline differs in a forward or
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backward looking CBA. The zoning regulations are not yet implemented in a forward looking CBA, so the baseline is the cur-
rent status quo and is compared to the projected changes. The zoning regulations have been implemented in a backward
looking CBA, which is why the current status quo is compared to the counterfactual of what would have happened if the zon-
ing regulations were not implemented. In both cases the impacts of the policy which are measured on a variety of scales are
















c :ð Þt: ð3Þ
Furthermore, lifetime benefits and costs are measured in inflation corrected present values for the project's lifetime. The time
value of money concept implies that costs and benefits occurring at different times cannot be directly compared, because $100
today is worth more than $100 in the future. To correct for the time value of money and make values over time comparable,
discount factors are used to estimate the present value of future costs and benefits (Rose et al., 2007). Present values are
TABLE 1 Overview of potential benefits and costs derived from studies measuring the costs/benefits of land-use modifications for reducing
flood risk
Benefits (positive impacts of the policy) Costs (negative impacts of the policy)
Financial • Reduced annual expected damage to physical property
due to flooding
◦ Due to lower exposure (less valuable assets located
in the area)
◦ Due to lower vulnerability (higher level of
preparedness due to regulations)
• Reduced annual expected flood losses due to business
interruption caused by flooding
◦ Due to lower exposure (fewer businesses located in
the area)
◦ Due to lower vulnerability (the businesses remaining
are less likely to be heavily affected)
• Reduced indirect economic impacts due to flooding
• Fewer ripple effects into economic activity in other areas,
that is, a factory must shut down because it cannot get
input materials from a flooded factory
• Suboptimal land-use
◦ Lost income due to sub-optimal land-use
◦ Cost of purchasing land that does not meet zoning
requirements
• Loss of employment
◦ Average wage
• Indirect economic impacts
◦ Indirect business losses due to sub-optimal land-use
• Administrative/enforcement costs
◦ Cost of producing and maintain flood risk maps
accounting for changing flood conditions
◦ Costs of hiring staff and transaction costs of enforcing
the zoning policy
◦ Start-up and assessment costs
◦ Deadweight welfare loss due to increases taxation to
finance the zoning department
• Cost of employing risk management methods and
maintenance costs
• Change in tax revenue due to changes in economic activity
Societal • Prevented human welfare impacts by flooding
◦ Dislocation of population
◦ Community disruption
◦ Fatalities and injuries suffered
◦ Intangible emotional impacts
• Improved level of risk perception/awareness
• Increased risk awareness
• Unequal distribution of impacts of land use change across
stakeholders
◦ Differences in benefit/cost ratios for the government
versus landowners versus. residents
Environmental • Newly developed eco-system services due to changing
land-use patterns (different land-use patterns can promote
different eco-system services)
◦ New recreational uses
◦ New landscapes
◦ Increased bio-diversity
• Negative changes in the environment (e.g., habitat loss)
Note: Based on Aerts, Botzen, and de Moel (2013), Aerts et al. (2014), Aubé et al. (2016), Brouwer and van Ek (2004), de Bruin et al. (2014), de Loe and
Wojtanoswski (2001), Godschalk, Rose, Mittler, Porter, and West (2009), Jonkman, Brinkhuis, and Kok (2004), Leblanc and Ouellette (1988), Millerd et al. (1994),
Ouellette et al. (1988), Rose et al. (2007), SEPA (2015), and Tarig (2013).
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TABLE 2 Features of flood zoning CBA studies, including cost and benefit variables
Study
Description of zoning
policy Discount rate Time span
Financial Environmental Social
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Average BCR for a
25 year evaluation
period is 0.7.
Average BCR for a
50 year evaluation
period is 0.75.
Average BCR for a
100 year evaluation
period is 1.92.
In all cases the NPV
of action is larger
than not taking
action.
Abbreviations: BCR, benefit–cost ratio; CBA, cost–benefit analysis; NPV, net present value.
aModeling framework rather than an explicit CBA.





















produced by multiplying the benefits and costs occurring in a certain year with a discount factor [(1/(1 + r))t] which is a func-
tion of time t and the discount rate (r). Higher discount rates give a relatively high weight to present compared with future
values.
CBA guidelines suggest the use of the social discount rate as flood risk management CBA should take a societal perspec-
tive (ADB, 2013; European Comission, 2013; HMT, 2011; NZT, 2014). The mean (median) discount rate used in the studies
identified is 5.5% (4.5%), as seen in Table 2. The majority of the identified studies used two discount rates in order to investi-
gate the BCR's sensitivity to this assumption (Section 3.4).
The evaluation period T (see the superscript in the summation symbol of Equation 2 or Equation 3) should last as long as
costs or benefits accrue from zoning (Rose et al., 2007). The papers identified had a median time horizon of about 60 years. In
contrast, more recent studies tended to focus on longer time spans. The pre-2000 studies in Table 2 employed a ~30 year time
period, while the post-2000 studies are clustered around 100 year time periods as modeling techniques to estimate future flood
risk have improved.
The reviewed studies present final central values of BCRs of 0.03–8.2 across scenarios (using the mean value of reported
BCRs). The median and mean central BCRs in Table 2 are 0.79 and 1.65, respectively. Focusing only on high-risk areas (the
1/100 year floodplain), the median and mean BCRs grow to 1.09 and 2.2, respectively. From the studies identified zoning reg-
ulations offer an overall benefit to society when focused on high-risk areas, as BCRs are larger than 1. This also holds when
the exogenous impacts of climate change are taken into account (Aerts et al., 2014). Kousky et al. (2013) also find that
targeted land-use strategies are more likely to offer a net benefit to society. Furthermore, the cases from North America con-
clude this was mainly due to the avoided flood impacts. In the Dutch cases, the projects were deemed worthwhile due to the
additional inclusion of environmental improvements, which highlights the need for a comprehensive consideration of benefits
and costs. However, it must be noted that only nine evaluations were identified which can raise questions about how robust
our current knowledge base on the topic is. Therefore, additional evaluations of existing or proposed zoning policies need to
be conducted to improve our overall understanding of the net benefits of zoning policies.
3.2 | Variable selection for a CBA
The reviewed studies emphasize that there are a range of benefits and costs, which can be broadly defined as function of finan-
cial (FIN), social (SOC), and environmental impacts (ENV). A CBA should account for all the benefits and costs that emanate
from the policy in order to approximate the complete welfare impact on society from the zoning policy. This is formally repre-
sented in the following change to Equations (2) and (3).
b :ð Þt = b FIN,SOC,ENVð Þt: ð4Þ
c :ð Þt = c FIN,SOC,ENVð Þt: ð5Þ
Financial impacts are those that directly correspond to changes in flood damage (Aerts et al., 2014; Leblanc & Ouellette,
1988; Ouellette et al., 1988; Whipple, 1969) and changes in economic activity (Rose et al., 2007), for example. Social impacts
are broader and correspond to other human impacts from zoning, for example communication activities that increase aware-
ness (Brouwer & van Ek, 2004), and better governance capabilities (Millerd et al., 1994). Environmental impacts relate to
how the environment changes, for example natural area restoration or protection (Aubé et al., 2016; Brouwer & van Ek, 2004;
de Bruin et al., 2014). Moreover, not all costs or benefits are tangible, but can also represent opportunity costs. An opportunity
cost is what must be forgone due to the policy and encompasses the loss of potential gains from alternative land uses. For
instance, if a zoning policy converts industrial land into wet-lands, then the opportunity cost is the benefits of the forgone eco-
nomic activity.
Table 1 lists a range of impacts that can be considered to be costs or benefits of flood risk zoning regulations. These vari-
ables are drawn from the academic literature on flood risk management CBA. The general description of variables in Table 1
serves as a guideline to determine key benefit and cost categories. The key variables to be included in the analysis according
to Table 1 are likely to be: changes in direct expected flood losses to property and indirect economic impacts, like business
interruption; changes in ecosystem service provision; changes in intangible welfare impacts; changes in land prices; changes
in economic activity; and costs of mandated risk reduction measures. These variables capture most of the prime effects as well
as the indirect ripple effects, or transfers between regions. This point of transfers was raised in de Bruin et al. (2014) who state
that the effects of zoning in one area can have consequences on neighboring areas. For example, a city may ban industrial
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activity in a flood-prone area, which then relocates to a neighboring city. This implies that the lost jobs are a cost for a single
administrative area, but a transfer benefit in another, in addition to changes in their local economies. A wider geographical per-
spective can account for these transfers, as we are more likely to capture such changes.
Initial variable selection involves selecting the important impacts on a case-by-case basis. This way a broad overview of
possible relevant impacts can be obtained and narrowed to the most important categories using stakeholder engagement
(Burby et al., 2001). It is important to have such a stakeholder engagement early on in the design of the CBA. The reason is
that de Loe and Wojtanoswski (2001) observe there is a relatively high degree of agreement on what experts consider as pol-
icy benefits (23 out of 29 benefits had high expert consensus), which is not the case for the potential costs (only 2 out of
32 costs had high expert consensus). In particular, de Loe and Wojtanoswski report high expert agreement that various
improvements in environmental quality count as a benefit, while there was a large disagreement if the costs associated with
flood-proofing should be counted as a cost. The presented rationale was that some stakeholders understood flood-proofing
costs as a financial burden for residents, while others argued it fell on property developers to include such measures as stan-
dard practice and is not an additional cost arising from the zoning policy. Therefore, one lesson learnt is that stakeholder
engagement can overcome disputes about what should be considered costs and benefits and ultimately contribute to support
for, and credibility of, the CBA.
However, by comparing Tables 1 and 2 it appears that the inclusion of impacts in current practice is less comprehensive.
Table 2 indicates that the main focused upon zoning impacts are those within the financial domain, followed by the environ-
mental domain, while the social impacts were not often included in the BCR calculations. The neglect of important variables
in zoning CBA studies indicates that conducting a comprehensive societal CBA for zoning is hampered, because the full range
of potential positive and negative impacts are open to different interpretations and not all have a preexisting market value
(Rose et al., 2007).
In terms of costs, the majority of papers identified focus cost estimates on those required to implement the policy from the
perspective of the policymaker (e.g., administration costs). An exception is Brouwer and van Ek (2004) who embrace a wider
range of costs, including possible negative environmental and social impacts. The reason why this is often not done is the
challenge to attribute these other costs to the zoning project. Moreover, environmental and societal impacts are nonmarket
values, which are more difficult to monetize than changes in flood damage and direct government expenditures for
implementing the zoning project. Nevertheless, given the importance of nonmarket impacts it is relevant to include such
impacts in the overall evaluation (Brouwer & van Ek, 2004; de Bruin et al., 2014; Rose et al., 2007), even if only in a qualita-
tive manner as in Millerd et al. (1994). For instance, Brouwer and van Ek (2004) base their CBA for flood-zoning in the Neth-
erlands on expert judgment and qualitative or normative scoring in addition to a quantitative CBA. Therefore, it is important
to combine both quantitative and qualitative results to gain a full understanding of the CBA outcome.
In addition to selecting a suitable set of variables, the spatial extent over which to consider impacts must be selected. This
is because benefits and costs may cross an administrate border which complicates the CBA process. Societal level CBA stud-
ies that include impacts that cross-administrative borders are required in order to capture transfers between regions (Penning-
Rowsell et al., 2013). The spatial extent of the CBA study will have to be defined based on the extent to which the to-be zoned
area is interconnected to other areas in addition to the scope of the zoning project. However, the rationale of where to draw
this spatial “line” was not often discussed in the CBA studies. Brouwer and van Ek (2004) consider entire river deltas, while
Ouellette et al. (1988), Millerd et al. (1994), and Aubé et al. (2016) focus on small communities.
Moreover, the reviewed studies did not always explicitly discuss the rationale for a particular area to be zoned. Whipple
(1969) argues that zoning should not be applied to all of the floodplain and that rather an optimization routine should be devel-
oped to optimally select the areas to be zoned. This is similar to the approach taken in Kousky et al. (2013). However, this
increases the complexity of the modeling process without necessarily simplifying the determination of the spatial extent of the
CBA. A common choice for the area to be zoned is the high-risk area, which is often defined as the 100 year flood-plain
(Penning-Rowsell et al., 2013; Schwarze & Wagner, 2007). Aerts et al. (2014) study the impact of zoning the 100 or 500 year
flood-plain, and they subdivide the 100 year flood-plain into a relatively higher risk zone and a relatively lower risk zone.
They find that zoning regulations, via building codes, have higher BCRs when focused upon the 100 year flood-plain, and the
higher risk zone in it. Another advantage of selecting this flood-plain is it provides a formal definition that can be consistently
applied across regions.
Even though a formal definition is useful and the 100 year flood-plain is a relatively common choice, it also faces chal-
lenges. A challenge with using the 100 year flood-plain definition for determining the area to be zoned is that this area can
change over time due to climate change. Constantly altering the size of the zoned area increases the administrative costs asso-
ciated with the program. A solution could be to fix the area under the zoning regulations at the start of the program and
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account for a predicted change in future flood extents or to update the area under the zoning regulation in certain time inter-
vals, such as every 20 years. However, in practice such updates may be political contentious as is shown by updates of flood
risk maps and insurance regulations in the United States (National Research Council, 2015) and Canada (McClearn, 2019).
Finally, the temporal scale of the analysis must also be defined. Given the findings of the literature review, a time span of
50–100 years should be used to be in line with overall flood risk management assessments (Shreve & Kelman, 2014). While
the more recent studies displayed in Table 2 focus on 100 year time periods, 50 years may also be viable due to the complex-
ity in estimating r trends past this point using flood risk assessment methods (Saint-Geours, 2012).
3.3 | Assessing key benefits and costs
The assessment framework required can increase in complexity the more comprehensive the zoning policy implemented. For
instance, Aerts et al. (2014) focused on assessing the (tangible) costs and benefits of mandated property-level measures in
flood-prone areas, while Brouwer and van Ek (2004) focused on land-use changes and the integrated analysis of changes in
flood and environmental impacts. Even though the complexity in assessing costs and benefits differs between the reviewed
studies, the core impacts can be derived from Tables 1 and 2.
A common recommendation for assessing these impacts found across the studies was that the costs and benefits should not
be considered independent of one another (Brouwer & van Ek, 2004; Burby et al., 2001; Rose et al., 2007). This was because
a change in zoning requirements not only altered potential flood impacts, but also offered additional nonmarket benefits, such
as increased biodiversity due to changes in local hydrology. Brouwer & van Ek and de Bruin et al. both clearly stated the
importance of such benefits for the CBA's outcome. An integrated modeling approach can help to avoid unforeseen conse-
quences of policy changes and can capture endogenous changes to the system, positive or negative, that influence the CBA's
result. For example, the modeling-framework can jointly determine how the relevant outcomes change with, and without, the
zoning policy. The outcomes of the two model runs can be compared and differences placed into the CBA ledger. Brouwer
and van Ek (2004) presented such an integrated modeling approach. They used a hydrologic model to estimate the area that
can be affected by flooding, the level of flood risk faced, and how changes in hydrology due to zoning altered environmental
conditions.
The reduction in flood impacts is the primary benefit of zoning, which can be assessed with flood risk models (Burby
et al., 2001; Ouellette et al., 1988; Rose et al., 2007). The flood risk models employed operate at many spatial scales and are
highly adaptable to the available input data (de Moel et al., 2015). Flood risk models base their estimated impacts on a hazard
module which simulates inundation extent and depth, an exposure module which estimate the values of exposed properties,
and stage-damage curves, which provide a monetary value of property damage that occurs with a specific inundation depth.
The stage-damage curves differ across land-use classes in terms of the rate of change of losses and the absolute value of
losses. Zoning regulations alter the land-use classification to one that is less vulnerable or has a lower exposure value. More-
over, zoning policies may mandate the compulsory employment of risk reduction measures, as in Aerts et al. (2014), which
also change the shape of stage-damage curves.
The reduction in indirect economic impacts from flooding, for example, business interruption losses, which can occur
when industrial land is affected, requires a different modeling approach, because these are based on disruptions of consump-
tion and production that are the result of interactions of economic agents (Koks & Thissen, 2016). Common methods for esti-
mating indirect losses are input–output models of trade-flows between different economic sectors or general equilibrium
models which are macroeconomic models of interconnected markets in equilibrium (Botzen, Deschenes, & Sanders, 2019;
Koks et al., 2016). These models in general assume that a flood causes a loss in production capacity which then has ripple
effects through the rest of the economy, for instance because of disruptions in trade flows. However many studies estimate
indirect losses by assuming that they are equal to a certain percentage of direct property losses (Rose et al., 2007; Ward et al.,
2017), which trades off simplicity with accuracy. Only Rose et al. (2007) included these indirect impacts as a potential cost or
benefit. The other studies in Table 2 tended to focus on residential areas and as such indirect impacts may not be prominent if
only residential land-uses are zoned.
There are a number of nonmarket impacts that must be converted into monetary values in order to be included in a CBA.
For example, Brouwer and van Ek (2004) used willingness to pay (WTP) as an indicator to value the environmental benefits
of zoning policies that create new wetland areas, as did de Bruin et al. (2014). HMT (2011) notes that WTP is the most
accepted concept for measuring nonmarket values in monetary terms, because WTP represents how much an individual is, at
most, willing to spend in order to gain a particular benefit. WTP can be derived from stated preference methods, such as con-
tingent valuation that directly asks individuals about a maximum WTP amount for a particular (environmental) good, or
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choice experiments that ask individuals preferences for different (environmental) goods with stated attributes, including price,
from which WTP values can be derived (Loomis, 2011). The choice experiment method is considered to be more reliable than
the contingent valuation method, because the former closer reflects decision-making in actual markets in which consumers
make choices between goods with given attributes and prices (Hoyos, 2010). The impact of zoning on the number of expected
causalities from a flood can be monetized using the WTP value associated with a reduced probability of death/injury. This can
be expressed as the value of a statistical life (VSL) which is the financial value society places on reducing the average number
of deaths by one (Andersson & Treich, 2011).
A comprehensive societal CBA of flood risk management strategies should also include avoided intangible impacts caused
by floods, like psychological impacts (Lamond, Joseph, & Proverbs, 2015). However, intangible impacts were neglected in
the identified zoning CBAs, while several valuation approaches exist (Markantonis, Meyer, & Schwarze, 2012). Joseph, Prov-
erbs, and Lamond (2015) employ contingent valuation to value intangible benefits of property-level flood adaptation via
WTP. Navrud, Huu Tuan, and Duc Tinh (2012) also use this method for valuing the welfare loss of being flooded. Addition-
ally, life-satisfaction or subjective well-being valuation approaches are an emerging field of research. The well-being approach
establishes a relation between subjective well-being and flood (or other) impacts along with the relation between income and
well-being, from which a monetary equivalent of flood impacts on well-being can be derived. See Hudson, Botzen, Poussin,
and Aerts (2017), Hudson, Pham, and Bubeck (2019), Fernandez, Stoeckl, and Welters (2019), or Sekulova and van den
Bergh (2016) for examples. A practical limitation of this method is that it can only be applied in an area with sufficient flood
experience from which the impact on subjective well-being can be assessed, while the stated preference method is more
broadly applicable.
In terms of costs, one of the main costs to be considered is that the land located in the area to be zoned is being transformed
in a less economically optimal land-use. Land-use change often entails cost because current land-uses have developed to make
best use of its comparative advantage, for example as a location for business activity (Whipple, 1969). This cost of zoning can
be measured through the difference in projected income that accrues to the site (Whipple, 1969). In the absence of market fric-
tions such as asymmetric information, transaction costs, or regulations, the value of land or property should be equal to the
NPV of future income that accrues from the land or property. For instance, Stewart, Thomas, and Schauer (2015) state the
value of agricultural land has been traditionally seen as approximating the value of crops that can be grow upon it. A practical
approach that can be taken to value the suboptimal use of land is to take the difference in the price of the original land use type
before it was subject to zoning and the price of the alternative land use type after zoning, or simply the fall in prices after the
zoning policy has been declared. Ex ante a zoning policy is put in place, such price differences can be approximated by taking
the difference of prevailing prices of the current land use type and the land use type that will be put in place after the zoning
policy. Furthermore, administrative costs are also often considered important as the zoning policy is complex to design, moni-
tor, and enforce over time.
The costs of the required risk reduction measures for flood-proofing can be inferred through contacting producers of the
required risk reduction measures in order to produce an average price for a representative building, as was done for example,
in Kreibich, Christenberger, and Schwarze (2011). However, producing an average price for a representative building might
be difficult and differ substantially depending on where the houses are located. These potential local differences could limit
the transferability of the average price of a representative building across regions without additional localization efforts. There
is also a preexisting literature describing the unit costs of several risk reduction measures based on engineering estimates
(e.g., Aerts, 2018) which can be used if the study area is similar enough. If needed, these values can be adapted to fit local
context, for example, using purchasing power parity exchange rates to translate costs to local currency and construction cost
indexes to put the cost figures in the correct price year, as in Botzen, Monteiro, Estrada, Pesaro, and Menoni (2017) or
Unterberger, Hudson, Botzen, Schroeer, and Steininger (2019).
3.4 | Classifications of potential sources of uncertainty
The evaluation of a zoning policy requires that long-term changes regarding social and environmental conditions are antici-
pated. This produces uncertainty on how precisely the future will evolve with zoning regulations or how the past would have
evolved in their absence. This uncertainty places limitations on the estimation of opportunity costs of the zoning policy or the
monetized estimates of key impact categories (Hallegatte, Shah, Lempert, Brown, & Gill, 2013). There are different ways to
cope with this uncertainty in zoning CBAs. Policymakers could favor “No-regret” strategies, which yield net benefits even if
risk forecasts are wrong (Hallegatte et al., 2013). In establishing if a zoning CBA results in a “No regret” policy a starting
point is to use input and outcome scenarios to model uncertainty and the zoning policy's desirability across scenarios. This
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was the approach taken in Ouellette et al. (1988) and Aubé et al. (2016). Alternatively, a CBA focused upon the most likely
benefit and cost estimates can examine whether the CBA outcome is robust to using confidence intervals around these esti-
mates, as in Aerts et al. (2014).
An important source of uncertainty is the estimated reduction in flood risk. Future flood risk estimates are uncertain and
depend on scenarios of climate change and socioeconomic development. As an illustration, a global flood risk model estimates
that by 2030 the annual expected urban damage due to fluvial flooding in Italy is $1.6bn under the combined shared socioeco-
nomic pathway (SSP) 2 and representative concentration pathway (RCP) 4.5 scenarios for socioeconomic development and
climate change (Winsemius, van Beek, Jongman, Ward, and Bouwman (2013) and Ward et al. (2013)). As a comparison,
replacing RCP 4.5 with the higher end climate scenario RCP 8.5 results in a lower annual expected urban damage of $1.1bn
because of dryer climate conditions. Another uncertainty is that these examples assume a flood protection standard of 1%,
which means only floods with smaller occurrence probabilities cause damage, while in reality local flood protection standards
may differ from this assumed level. This uncertainty can be mitigated by collecting detailed information on local protection
standards, for instance using, and further developing, the Flood Protection Standard (FLORPOS) dataset (Scussolini et al.,
2016). This dataset is intended to be an evolving and updatable dataset of flood protection standards across the globe.
Moreover, there is modeling uncertainty when the benefits of avoided flood damage from zoning policies are assessed
using flood risk models (Rose et al. (2007). The hazard, exposure, and vulnerability model components produce uncertainty
which propagates throughout the CBA. De Moel and Aerts (2011) estimated that in their application the total uncertainty sur-
rounding the final damage estimate is a factor 5–6, which implies that the lower bound flood risk estimate could be 5–6 times
smaller than the upper bound, depending on input data. It is advisable to account for uncertainty in avoided flood damage, due
to model error, by using confidence intervals with lower and upper bounds of prevented annual flood damage, and to estimate
these figures for different climate change scenarios to which probabilities cannot be firmly assigned. This way it can be exam-
ined whether the CBA outcome is robust to model error and climate uncertainty, as was for example done in the Aerts et al.
(2014) CBA of flood-protection and building code policies in New York City.
The valuation of nonmarket impacts, like environmental impacts or VSL, is also an uncertainty source, especially if limited
resources are available for conducting the valuation assessment. HMT (2011) recommends that a prestudy of the target area is
conducted to value nonmarket impacts. However, resources for primary data collection may be limited, as was the case in for
example, Brouwer and van Ek (2004) and Rose et al. (2007). In such cases, the value transfer methodology may be used
which assumes that values from other studies can be used in the CBA. For example, Brouwer and van Ek (2004) used this
method for estimating an economic value for wetlands created by zoning policies in the Netherlands, on the basis of average
WTP estimates of wetlands obtained from studies in other countries. This can be done if the applied values are from a study
that was conducted in a similar context or are adjusted to reflect the local context, because nonmarket values are highly con-
text dependent (HMT, 2011; NZT, 2014). Care must be taken in using the value transfer approach as the introduced errors can
be large. For instance, Brander, Florax, and Vermaat (2006) used a meta-analysis to show that these transfer errors are on aver-
age 76% for WTP values of wetland conservation. de Bruin et al. (2014) attempted to limit this error by using WTP estimates
from an area close to the studied zoning area to maximize the degree of comparability. Additionally, preferences may change
over time and the analysis of their stability would require the use of panel or longitudinal datasets rather than the more com-
monly employed cross-sectional datasets (Bubeck & Botzen, 2013; Hudson, Thieken, & Bubeck, 2019; Siegrist, 2013).
A further source of uncertainty to overcome regards assessing the counterfactual situation of how the region would have
developed in the presence or absence of zoning regulations, depending on whether the status quo is a situation with zoning or
not. The initial steps generate the policy context that allows the counterfactual situation to be clearly defined. Next, the effects
of uncertainty of the counterfactual situation can be investigated by involving several trends of how land could be used and
how productive such uses could be with zoning. For example, Ouellette et al. (1988) used the historical trend in the annual
increase in housing stock and price as one scenario concerning the benefits from flood risk reduction. However, they note that
this trend originates in a pessimistic economic environment and as such may not be a suitable trend if the economy picks up
again. Therefore, they supplement this scenario with two more optimistic scenarios and its corresponding impact on the bene-
fits of the risk reducing aspects of the zoning policy. Historical counterfactuals are hard to construct, because we do not have
data records of observations to build upon, and this of course also applies to future projections.
To account for the main sources of uncertainty, when the lifetime benefits and costs have been calculated their associated
confidence intervals should also be calculated in order to express the range to which the projects benefits and costs can stretch.
Several scenarios of climate change and economic development should be used in order to fully explore the role that the vari-
ous assumptions can play in determining the desirability of the zoning regulation. For each scenario a distribution of the NPV
or BCRs can be produced via a Monte-Carlo approach, which in turn helps to capture overall uncertainty. An ensemble
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scenario outcome can be produced by aggregating the separate scenario outcomes into a single overall outcome. This method
is similar to the approach taken with uncertainty in climate models, like is done in Winsemius et al. (2016). From the distribu-
tion of BCR or NPVs the expected (mean) value should be equal or larger than the desired threshold (x). Another criterion
could be if the lower tail of the confidence interval (90%); and: BCR > 1 or NPV > 0. An approach similar to this was
employed in a CBA of zoning by Leblanc and Ouellette (1988). The additional nuance provided by such an analysis is impor-
tant as governments can be financially constrained when implementing zoning policies which means they aim to earn a posi-
tive return with a high enough degree of certainty.
Given the range of uncertainties it is important to consider if “some number is better than no number” (see e.g., the discus-
sion in Diamond and Hausman (1994) regarding valuation approaches). One side of the argument is that it is better to have a
value, despite the potential complexity and uncertainty, so that decision-making can be suitably facilitated. The counterpoint
argument is that a sufficiently complex and uncertain analysis inhibits rather than facilitates decision-making. The CBA of
zoning policies will need to take this into account when being designed. This is because the analysis can quickly grow in com-
plexity when the scope of actions undertaken as part of the zoning policy widens. However, part of this complexity can be
mitigated through the use of stakeholder consultation throughout the project to narrow down the focus of the CBA onto the
most pertinent outcomes, scenarios, or suitable actions to consider in order limit unwarranted complexity.
3.5 | Initial stages of analysis
The above subsections indicate the first stages for evaluating zoning policies. The first stage determines the spatial extent of
the study by assessing how interconnected the zoned area is to other locations. This determines the scale and scope of the eco-
nomic and hydrological models required. This can be achieved via a prestudy of the affected areas to calibrate the models used
for assessing and determining the main potential impacts of the zoning policy. The second stage conducts a CBA using mone-
tary costs and benefits to investigate if the zoning policy's total discounted benefits exceed total discounted costs. The third
stage consists of an extensive sensitivity analysis that checks whether the CBA results are robust to assumptions and uncer-
tainties in the cost and benefit estimates. The final stage uses the multicriteria analysis (MCA) approach to evaluate the norma-
tive implications of the policy.
4 | EQUITY AND SOCIAL JUSTICE CONCERNS
The primary focus of a CBA is on monetary values, which has challenges with including equity and social justice concerns
into the analysis. However, zoning policies can have substantial equity and social justice impacts which need to be accounted
for in a full analysis.
One such implication is from the observation that CBA is often conducted from the perspective of risk neutrality. The
result of which is that the benefit of avoided flood damage enters the CBA as the expected value of reduced flood damage.
However, not all policymakers will display risk neutrality when faced with financial constraints. Moreover, the underlying
assumption for assuming risk neutrality of individuals for whom flood risk is reduced is that they are fully compensated for
flood damage either through insurance or the government, which may not be the case. Kind et al. (2016) discussed the adjust-
ment of benefits and costs to account for risk aversion, which would imply adding a surcharge to the risk reduction benefits in
a CBA. Another issue to consider is that impacts are felt differently across population subgroups. There are recent studies that
allow for equity weighting in the CBA to account for unequal distributions of impacts between poor and rich households,
which implies that a higher weight is given to benefits and costs for low-income households (NZT, 2014). A more detailed
discussion of this approach is found in Kind et al. (2016). This discussion is relevant for zoning since whether impacts are val-
ued equally when they accrue to poor or rich groups can influence the overall desirability of the zoning policy (Leblanc &
Ouellette, 1988; Millerd et al., 1994).
Furthermore, when CBA studies are conducted there are often important issues regarding the fairness or other equity
impacts that flood risk managements strategies can have, which are not necessarily captured by the monetized cost and benefit
categories (NZT, 2014). These are important considerations as such concepts can have welfare implications for which risk
management decisions should be made. For example, zoning policies may disproportionally affect certain stakeholders that
use land near rivers, which may be seen as unfair. Additionally, the policy may have distributional implications, such as
shifting employment between areas. An example is noted in Ouellette et al. (1988) who highlighted how the zoning policy
studied had a BCR less than 1 for local governments, while the BCR was larger than 1 for land owners.
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Despite theoretical advancements, equity concerns are difficult to include in a CBA as monetary values (NZT, 2014).
Equity impacts are normative and therefore could be better integrated in the analysis via a supplementary MCA (Gamper,
Thoni, & Weck-Hannemann, 2006; Gamper & Turcanu, 2007). In a MCA, different sets of outcomes for a given policy choice
(e.g., zoning vs. no-zoning) are presented as the evaluation criteria, which are not necessarily monetized. The normative equity
implications of the policy choice can enter the analysis as evaluation criteria, because in order to combine variables on differ-
ent measurement scales they are standardized onto the same scale. Each of the evaluation criteria are then associated with sep-
arate weights to indicate their subjective importance to the stakeholders, for example, environmental impacts can be weighted
at 0.1 if they are of small importance, social impacts at 0.25, and economics impacts at 0.65. The result for a given policy
choice can then be summarized as a single score by the weighted sum of the criteria, and the highest scoring policy should be
the preferred one.
Therefore, an evaluation of flood zoning policies can consist of two steps, as in Brouwer and van Ek (2004). The first step
consists of the stages of a CBA examining if the monetized benefits of the project are (sufficiently) larger than its costs, see
Section 3.5, and the second is if the distributional or equity impacts are acceptable via a MCA. This multistage process shows
if a flood risk management decision is both welfare increasing and acceptable. Across both stages, stakeholders need to be
actively engaged with, see Mercer, Kelman, Lloyd, and Suchet-Pearson (2008) and White, Kingston, and Barker (2010).
5 | CONCLUSION
Zoning regulations can be effective in reducing flood risk, in particular, by limiting economic exposure and vulnerability of
properties in flood-prone areas. Several countries currently employ zoning regulations and there are examples of calls for a
greater use of comprehensive zoning regulations to control current and future flood risk. However, it is rarely acknowledged
in these calls that zoning regulations have costs and benefits that extend beyond those directly associated with flood risk
reduction. Such policies need to be evaluated at the societal scale and include benefits and costs from the social, financial, and
environmental domains. The impacts included in such evaluations are not always limited to the region directly being zoned,
since there can be ripple effects that transfer economic activity from one area to another.
A CBA provides a systematic method for evaluating costs and benefits of these policies, providing important insights into
the societal desirability of zoning policies. Our review has shown that there is only a small literature about societal CBAs of
zoning and land-use policies for managing flood risk. Overall, the studies identified found that zoning policies tended to have
a positive CBA outcome, meaning zoning policies are economically desirable, at least when both changes in financial and
environmental impacts are considered. However, these results should be interpreted with some caution since many of the stud-
ies did not explicitly account for the full range of potential costs.
A potential explanation for the small number of CBA studies on this topic is the complexity involved in jointly assessing
environmental, social, and economic impacts of a change in land-use and providing monetary values for both market and non-
market impacts. The reviewed studies show the need for study specific frameworks because the needs of the analysis grow
with the complexity of the policy. Nevertheless, we identify important benefit and cost categories and CBA guidelines that
can serve as a starting point for future zoning CBA studies.
On the basis of our review we draw the following guidelines for conducting a CBA of flood zoning regulations: conduct
the analysis at the societal level to capture transfers between regions; focus on zoning in a high-risk flood-plain, like the
1/100 year flood zone; develop an assessment framework that can account for changes in hydrology, flood impacts, economic
activity, and environmental changes in a consistent manner; employ various scenarios of future or counterfactual projections;
express the final cost–benefit ratio via a Monte-Carlo analysis to capture total uncertainty of benefit and cost values; engage
stakeholders to ensure that the most important cost and benefit categories are captured by the CBA; and conduct a qualitative
MCA of distribution or equity effects. While changes in the social domain are more difficult to include in a CBA, they may
be more easily assessed in a MCA.
Taking these steps implies a full evaluation of zoning policies is a multistage process. The first stage determines the spatial
extent of the study by determining how interconnected the zoned area is to other locations via a prestudy which is used to cali-
brate the models used for assessing impacts of the zoning policy. These impacts often encompass the hydrological, financial,
social and environmental domains requiring a multidisciplinary approach. The second stage conducts a CBA using monetary
costs and benefits to investigate if the zoning policy improves allocative efficiency, meaning total discounted benefits exceed
total discounted costs. The third stage consist of an extensive sensitivity analysis that checks whether the CBA results are
robust to assumptions and uncertainties in the cost and benefit estimates as well as the adopted discount rate. The final stage is
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to conduct a MCA to examine if the introduction of zoning regulations is preferred in terms of important normative factors,
such as equity or fairness. A desirable policy should pass both evaluations.
Additionally, we suggest a future research agenda to aid in the overall development of CBA within the flood risk manage-
ment or climate change adaptation literature. The first is to conduct systematic CBA evaluations of zoning policies that capture
monetized societal impacts. This is hardly done currently, which means that policies can be employed or dismissed based on
an incomplete understanding of their total impacts. This is important as several studies identified how moving beyond finan-
cial impacts significantly altered their final BCR. A related area of future research is on how to specifically account for
inequalities arising from zoning regulation in a CBA of zoning using equity weighting or other mechanisms for example. This
is an important extension of the analysis in order to judge the wider suitability of the policy and its potential acceptability.
Finally, a systematic analysis of interconnected uncertainties, including climate change, should be conducted due to the com-
plexity of the analysis of reductions in future flood risk from zoning. This is an important consideration since policymakers
should have confidence that their decisions about zoning regulations make the best use of society's limited resources.
CONFLICT OF INTEREST




1 Additionally, between March 1, 2019 and March 8, 2019 an additional search was done using “building codes” which did not result in new rele-
vant papers.
RELATED WIREs ARTICLE
On considering climate resilience in urban water security: A review of the vulnerability of the urban poor in sub-Saharan
Africa
Floods and societies: the spatial distribution of water-related disaster risk and its dynamics
REFERENCES
ADB. (2013). Cost–benefit analysis for development: A practical guide. Retrieved from Mandaluyong. https://www.adb.org/sites/default/files/
institutional-document/33788/files/cost-benefit-analysis-development.pdf
Aerts, J. C. J. H. (2018). A review of cost estimates for flood adaptation. Water, 10(11), 1646.
Aerts, J. C. J. H., & Botzen, W. J. W. (2011). Flood-resilient waterfront development in New York City: Bridging flood insurance, building codes,
and flood zoning. Annals of the New York Academy of Sciences, 1227(1), 1–82. https://doi.org/10.1111/j.1749-6632.2011.06074.x
Aerts, J. C. J. H., Botzen, W. J. W., & de Moel, H. (2013). Cost estimates for flood resilience and protection strategies in New York City. Annals of
the New York Academy of Science, 1294, 1–104.
Aerts, J. C. J. H., Botzen, W. J. W., Emanuel, K., Lin, N., de Moel, H., & Michel-Kerjan, E. O. (2014). Evaluating flood resilience strategies for
coastal megacities. Science, 344(6183), 473–475. https://doi.org/10.1126/science.1248222
Alfieri, L., Dottori, F., Betts, R., Salamon, P., & Feyen, L. (2018). Multi-model projections of river flood risk in Europe under global warming. Cli-
mate, 6(1), 6.
Andersson, H., & Treich, N. (2011). The value of a statistical life. In A. de Palma, R. Lindsey, E. Quinet, & R. Vickerman (Eds.), Handbook in
transport economics (pp. 396–424). Cheltenham, England: Edward Elgar.
Aubé, M., Hébert, C., Wilson, J., Trenholm, R., & Patriquin, M. (2016). Cost benefit analysis of climate change adaptation strategies for the Aca-
dian Peninsula. Retrieved from New Brunswick: http://www.adaptationpa.ca/images/PDF_-_Progression/R-Cost_Benefit_Analysis_of_Climate_
Change_Adaptation_Strategies.pdf
Botzen, B. L. M., Scussolini, P., Kuik, O., Haasnoot, M., Lawrence, J., & Aerts, J. C. J. H. (2019). Integrated disaster risk management and adapta-
tion. In R. Mechler, L. M. Bouwer, T. Schinko, S. Surminski, & J. Linnerooth-Bayer (Eds.), Loss and damage from climate change: Concepts,
methods and policy options (pp. 287–315). Cham: Springer International Publishing.
18 of 21 HUDSON AND BOTZEN
Botzen, W. J. W., Deschenes, O., & Sanders, M. (2019). The economic impacts of natural disasters: A review of macroeconomic computational
models and empirical studies. Review of Environmental Economics and Policy, 13(2), 167–188.
Botzen, W. J. W., Monteiro, É., Estrada, F., Pesaro, G., & Menoni, S. (2017). Economic assessment of mitigating damage of flood events: Cost–
benefit analysis of flood-proofing commercial buildings in Umbria, Italy. The Geneva Papers on Risk and Insurance – Issues and Practice, 42
(4), 585–608. https://doi.org/10.1057/s41288-017-0065-0
Brander, L. M., Florax, R. J. G. M., & Vermaat, J. E. (2006). The empirics of wetland valuation: A comprehensive summary and a meta-analysis of
the literature. Environmental and Resource Economics, 33(2), 223–250. https://doi.org/10.1007/s10640-005-3104-4
Brouwer, R., & van Ek, R. (2004). Integrated ecological, economic and social impact assessment of alternative flood control policies in the Nether-
lands. Ecological Economics, 50, 1–21.
Bubeck, P., & Botzen, W. J. W. (2013). Response to the necessity for longitudinal studies in risk perception research. Risk Analysis, 33(5), 760–762.
Burby, R. J., Deyle, R. E., Godschalk, D. R., & Olshansky, R. B. (2001). Creating hazard resilient communities through land-use planning. Natural
Hazards Review, 1(2), 99–106.
de Bruin, K., Goosen, H., van Lerland, E. C., & Groeneveld, R. A. (2014). Costs and benefits of adapting spatial planning to climate change:
Lessons learned from a large scale urban development project in the Netherlands. Regional Environmental Change, 14(3), 1009–1020.
de Loe, R., & Wojtanoswski, D. (2001). Associated benefits and costs of the Canadian flood damage reduction program. Applied Geography,
21, 1–21.
De Moel, H., & Aerts, J. C. J. H. (2011). Effect of uncertainty in land use, damage models and inundation depth on flood damage estimates. Natural
Hazards, 58(1), 407–425.
de Moel, H., Jongman, B., Kreibich, H., Merz, B., Penning-Rowsell, E., & Ward, P. J. (2015). Flood risk assessments at different spatial scales. Miti-
gation and Adaptation Strategies for Global Change, 20(6), 865–890. https://doi.org/10.1007/s11027-015-9654-z
Diamond, P. A., Hausman, J. A. (1994). Contingent Valuation: Is Some Number Better than No Number? Journal of Economic Perspectives, 8(4),
45–64. https://doi.org/10.1257/jep.8.4.45.
European Comission. (2013). Guide to cost benefit analysis of investment projects. Retrieved from Brussels, BE. https://ec.europa.eu/inea/sites/inea/
files/cba_guide_cohesion_policy.pdf
Fernandez, C. J., Stoeckl, N., & Welters, R. (2019). The cost of doing nothing in the face of climate change: A case study, using the life satisfaction
approach to value the tangible and intangible costs of flooding in the Philippines. Climate and Development, 1–14. https://doi.org/10.1080/
17565529.2019.1579697.
Gamper, C. D., Thoni, M., & Weck-Hannemann, H. (2006). A conceptual approach to the use of cost benefit and multi criteria analysis in natural
hazard management. Natural Hazards and Earth Systems Science, 6, 293–302.
Gamper, C. D., & Turcanu, C. (2007). On the governmental use of multi-criteria analysis. Ecological Economics, 62(2), 298–307.
Godschalk, D. R., Rose, A., Mittler, E., Porter, K., & West, C. T. (2009). Estimating the value of foresight: Aggregate analysis of natural hazard mit-
igation benefits and costs. Journal of Environmental Planning and Management, 52(6), 739–756.
Hallegatte, S., Shah, A., Lempert, R., Brown, C., & Gill, S. (2013). Investment decision making under deep uncertainty: Application to climate
change. World Bank Policy Research (Working Paper No. 6193). http://elibrary.worldbank.org/doi/pdf/10.1596/1813-9450-6193
HMT. (2011). The Green Book. Appraisal and evaluation in central government. Retrieved from London, England. https://www.gov.uk/
government/publications/the-green-book-appraisal-and-evaluation-in-centralgovernent
Hoyos, D. (2010). The state of the art of environmental valuation with discrete choice experiments. Ecological Economics, 69(8), 1595–1603.
https://doi.org/10.1016/j.ecolecon.2010.04.011.
Hudson, P., Botzen, W. J. W., Poussin, J. K., & Aerts, J. C. J. H. (2017). The impacts of flooding and flood preparedness on happiness: A
monetisation of the tangible and intangible subjective well-being impacts. Journal of Happiness Studies, 20, 665–682. https://doi.org/10.1007/
s10902-017-9916-4
Hudson, P., Pham, M., & Bubeck, P. (2019). An evaluation and monetary assessment of the impact of flooding on subjective well-being across gen-
ders in Vietnam. Climate and Development, 11(7), 632–637. https://doi.org/10.1080/17565529.2019.1579698
Hudson, P., Thieken, A. H., & Bubeck, P. (2019). The challenges of longitudinal surveys in the flood risk domain. Journal of Risk Research, 1–22.
https://doi.org/10.1080/13669877.2019.1617339
IPCC. (2012). Managing the risks of extreme events and disasters to advance climate change adaptation. A special report of working groups I and
II of the intergovernmental panel on climate change. Cambridge, England and New York: Cambridge University Press.
IPCC. (2014). Climate change 2014: Synthesis report. Contribution of working groups I, II and III to the fifth assessment report of the intergovern-
mental panel on climate change. Geneva, Switzerland: IPCC.
Jonkman, S. N., Brinkhuis, M., & Kok, M. (2004). Cost benefit analysis and flood damage mitigation in the Netherlands. HERON, 49(1), 95–111.
Joseph, R., Proverbs, D., & Lamond, J. (2015). Assessing the value of intangible benefits of property level flood risk adaptation (PLFRA) measures.
Natural Hazards, 79(2), 1275–1297.
Kind, J., Botzen, W. J. W., & Aerts, J. C. J. H. (2016). Accounting for risk aversion, income distribution and social welfare in cost–benefit analysis
for flood risk management. WIREs Climate Change, 8. https://doi.org/10.1002/wcc.446
Koks, E., Carrera, L., Jonkeren, O., Aerts, J. C. J. H., Husby, T. G., Thissen, M., … Mysiak, J. (2016). Regional disaster impact analysis: Comparing
input–output and computable general equilibrium models. Natural Hazards and Earth Schemes Science, 16, 1911–1924.
Koks, E., & Thissen, M. (2016). A multiregional impact assessment model for disaster analysis. Economic Systems Research, 28(4), 429–449.
Kousky, C., Olmstead, S. M., Walls, M. A., & Macauley, M. (2013). Strategically placing green infrastructure: Cost-effective land conservation in
the floodplain. Environmental Science & Technology, 47(8), 3563–3570. https://doi.org/10.1021/es303938c
HUDSON AND BOTZEN 19 of 21
Kreibich, H., Christenberger, S., & Schwarze, R. (2011). Economic motivation of households to undertake private precautionary measures against
floods. Natural Hazards and Earth Schemes Science, 11, 309–321.
Lamond, J. E., Joseph, R. D., & Proverbs, D. G. (2015). An exploration of factors affecting the long term psychological impact and deterioration of
mental health in flooded respondents. Environmental Research, 140, 325–334.
Leblanc, D., & Ouellette, P. (1988). A probabilistic benefit–cost analysis of a zoning program for flood plains. JAWRA Journal of the American
Water Resources Association, 24(2), 341–345. https://doi.org/10.1111/j.1752-1688.1988.tb02992.x
Loomis, J. (2011). What's to know about hypothetical bias in stated preference valuation studies? Journal of Economic Surveys, 25(2), 363–370.
https://doi.org/10.1111/j.1467-6419.2010.00675.x
Markantonis, V., Meyer, V., & Schwarze, R. (2012). Valuating the intangible effects of natural hazards – Review and analysis of the costing
methods. Natural Hazards and Earth Schemes Science, 12, 1633–1640. https://doi.org/10.5194/nhess-12-1633-2012
McClearn, M. (2019, April 23). Poor flood-risk maps, or none at all, are keeping Canadian communities in flood-prone areas. The Globe and Mail.
Retrieved from https://www.theglobeandmail.com/canada/article-poor-flood-risk-maps-or-none-at-all-are-keeping-canadian-communities/
Mercer, J., Kelman, I., Lloyd, K., & Suchet-Pearson, S. (2008). Reflections on use of participatory research for disaster risk reduction. Area, 40(2),
172–183. https://doi.org/10.1111/j.1475-4762.2008.00797.x
Millerd, F. W., Dufournaud, C. M., & Schaefer, K. A. (1994). Canada-Ontario flood damage reduction program-case studies. Canadian Water
Resources Journal/Revue canadienne des ressources hydriques, 19(1), 17–26. https://doi.org/10.4296/cwrj1901017
Mysiak, J., Surminski, S., Thieken, A., Mechler, R., & Aerts, J. (2016). Brief communication: Sendai framework for disaster risk reduction – Suc-
cess or warning sign for Paris? Natural Hazards and Earth Systems Science, 16, 2189–2193.
National Research Council. (2015). Affordability of national flood insurance program premiums: Report 1. Retrieved from Washington, DC. https://
www.nap.edu/resource/21709/Affordability-of-NFIP-final.pdf
Navrud, S., Huu Tuan, T., & Duc Tinh, B. (2012). Estimating the welfare loss to households from natural disasters in developing countries: A con-
tingent valuation study of flooding in Vietnam. Global Health Action, 5(1), 17609. https://doi.org/10.3402/gha.v5i0.17609.
NZT. (2014). Guide to social cost benefit analysis, New Zealand government. Retrieved from Wellington, NZ. https://treasury.govt.nz/publications/
guide/guide-social-cost-benefit-analysis
Ouellette, P., Leblanc, D., El-Jabi, N., & Rousselle, J. (1988). Cost–benefit analysis of flood-plain zoning. Journal of Water Resources Planning
and Management, 114(3), 326–334.
Paez, A. (2017). Gray literature: An important resource in systematic reviews. Journal of Evidence-Based Medicine, 10(3), 233–240. https://doi.org/
10.1111/jebm.12266
Penning-Rowsell, E. C., Priest, S. J., Parker, D. J., Morris, J., Tunstall, S. M., Viavatenne, C., …, & Owen, D. (2013). Flood and coastal erosion risk
management. A manual for economic appraisal. Retrieved from London, UK. http://www.routledge.com/9780415815154
Porse, E. (2014). Risk-based zoning for urbanizing floodplains. Water Science & Technology, 70(11), 1755–1763. https://doi.org/10.2166/wst.
2014.256.
Poussin, J. K., Botzen, W. J. W., & Aerts, J. C. J. H. (2013). Stimulating flood damage mitigation through insurance: An assessment of the French
CatNat system. Environmental Hazards, 12, 258–277.
Poussin, J. K., Bubeck, P., Aerts, J. C. J. H., & Ward, P. J. (2012). Potential of semi-structural and non-structural adaptation strategies to reduce
future flood risk: Case study for the Meuse. Natural Hazards and Earth Schemes Science, 12, 3455–3471.
Rose, A., Porter, K., Dash, N., Bouabid, J., Huyck, C., Whitehead, J., … West, C. T. (2007). Benefit–cost analysis of FEMA hazard mitigation
grants. Natural Hazards Review, 8(4), 98–111.
Saint-Geours, N. (2012). Sensitivity analysis of spatial models: Application to cost–benefit analysis of flood risk management plans. Montpellier,
FR: Universite Montpellier II – Scienceset Techniques du Languedoc.
Schwarze, R., & Wagner, G. G. (2007). The political economy of natural disaster insurance: Lessons from the failure of a proposed insurance
scheme in Germany. Environmental Policy and Governance, 17(6), 403–415.
Scussolini, P., Aerts, J. C. J. H., Jongman, B., Bouwer, L., Winsemius, H. C., de Moel, H., & Ward, P. J. (2016). FLOPROS: An evolving global
database of flood protection standards. Natural Hazards and Earth Schemes Science, 16, 1049–1061. https://doi.org/10.5194/nhess-16-1049-
2016
Sekulova, F., & van den Bergh, J. C. J. M. (2016). Floods and happiness: Empirical evidence from Bulgaria. Ecological Economics, 126, 51–57.
https://doi.org/10.1016/j.ecolecon.2016.02.014
SEPA. (2015). Strategic environmental assessment: Flood risk management strategies. Retrieved from Scotland. https://www.sepa.org.uk/media/
163415/sea_environmental_report.pdf
Shreve, C. M., & Kelman, I. (2014). Does mitigation save? Reviewing cost–benefit analyses of disaster risk reduction. International Journal of
Disaster Risk Reduction, 10(Part A), 213–235.
Siegrist, M. (2013). The necessity for longitudinal studies in risk perception research. Risk Analysis, 33(1), 50–51.
Stewart, N., Thomas, R., & Schauer, M. (2015). Chapter 1 – Introduction. In N. Stewart (Ed.), The value of land: ELD Main report. GIZ GmBH.
Tarig, M. A. U. R. (2013). Risk-based flood zoning employing expected annual damages: The Chenab River case study. Stochastic Environmental
Research Risk Assessment, 27(8), 1957–1966.
Unterberger, C., Hudson, P., Botzen, W. J. W., Schroeer, K., & Steininger, K. W. (2019). Future public sector flood risk and risk sharing arrange-
ments: An assessment for Austria. Ecological Economics, 156, 153–163. https://doi.org/10.1016/j.ecolecon.2018.09.019
Ward, P. J., Jongman, B., Aerts, J. C. J. H., Bates, P. D., Botzen, W. J. W., Loaiza, A. D., … Winsemius, H. C. (2017). A global framework for
future costs and benefits of river-flood protection in urban areas. Nature Climate Change, 7, 642–646. https://doi.org/10.1038/nclimate3350
20 of 21 HUDSON AND BOTZEN
Ward, P. J., Jongman, B., Weiland, S. F., Bouwman, A., van Beek, R., Bierkens, M. F. P., … Winsemius, H. C. (2013). Assessing flood risk at the
global scale: Model setup, results, and sensitivity. Environmental Research Letters, 8(4), 044019. https://doi.org/10.1088/1748-9326/8/4/044019
Whipple, W. (1969). Optimizing investment in flood control and floodplain zoning. Water Resources Research, 5(4), 761–766.
White, I., Kingston, R., & Barker, A. (2010). Participatory geographic information systems and public engagement within flood risk management.
Journal of Flood Risk Management, 3(4), 337–346. https://doi.org/10.1111/j.1753-318X.2010.01083.x
Winsemius, H. C., Aerts, J. C. J. H., van Beek, L. P. H., Bierkens, M. F. P., Bouwman, A., Jongman, B., & Kwadijk, J. C. J. K. (2016). Global
drivers of future river flood risk. Nature Climate Change, 6(4), 381–385. https://doi.org/10.1038/nclimate2893
Winsemius, H. C., van Beek, L. P. H., Jongman, B., Ward, P. J., & Bouwman, A. (2013). A framework for global river flood risk assessments.
Hydrology and Earth System Sciences, 17(5), 1871–1892. https://doi.org/10.5194/hess-17-1871-2013
How to cite this article: Hudson P, Botzen WJW. Cost–benefit analysis of flood-zoning policies: A review of current
practice. WIREs Water. 2019;6:e1387. https://doi.org/10.1002/wat2.1387
HUDSON AND BOTZEN 21 of 21
